An experimental method for the indirect determination of the light extinction efficiency of the exhaust gas emitted by diesel engines is proposed in this paper, based on the simultaneous measurement of spot opacity and continuous opacity, together with the double modelling of the associated soot concentration. The first model simulates the projection of a differently sized soot particle population enclosed in an exhaust gas sample on the filter of a spot opacimeter. The second one simulates the light extinction caused by the soot particles flowing in the exhaust gas stream in an online continuous opacimeter, on the basis of the Beer-Lambert law. This method is an alternative to other theoretical or semi-empirical complex methods which have proved to be inadequate in the case of soot agglomerates. The application of this method to a set of experimental smoke measurements from a commercial light-duty DI diesel engine typical of vehicle road transportation permitted us to draw conclusions about the effect of different engine conditions on the mean light extinction efficiency of the soot particles flowing in the raw exhaust gas stream.
Notation

A
projected area perpendicular to the gas stream direction 
Introduction
Particulate emissions constitute one of the major environmental concerns of diesel engines. The European APHEIS report (APHEIS 2004) has recently quantified the health effects of particulate emissions in terms of premature mortality and hospital admissions. Additionally, the radiation absorption of soot particles across the whole range of solar energy radiation wavelengths is known to have an appreciable influence on climate (Bockhorn et al 2002) .
The emitted particulate matter is mainly composed of soot, although some hydrocarbons, generally referred to as a soluble organic fraction of the particulate emissions, are also adsorbed on the particle surface or simply emitted as liquid droplets. In addition, among the particulate matter components, soot is recognized as the main substance responsible for the smoke opacity, and therefore, opacimeters usually convert their opacity measurements into soot concentrations (Christian et al 1993, Dodd and Holubecki 1965) . Hence, smoke opacity, which was eliminated from passenger car engines regulations in the early 1990s, but was again introduced by the Euro III emissions regulation in the European Load Response (ELR) engine test for heavy-duty engines in 2000, can be considered as the optical effect of particulate emissions, as well as their most visible and alarming consequence.
The opacity caused by soot particles should not only be proportional to its concentration, because the particle size and morphology also have a direct influence on their optical properties (Colbeck et al 1997 , Babenko 1997 , Snegirev et al 2001 . However, the particle size distribution and the morphological characteristics of the particulate matter do not seem to be essential to convert smoke opacity into soot concentration in the exhaust gas, as direct conversion equations appear to correlate very well in a wide variety of conditions. The good behaviour of these equations is probably explained because the morphological characteristics of the particles are mainly governed by the soot particle concentration itself, as suggested by Lee et al (2002) , and because the effect of other exhaust gas flow conditions, such as temperature, water condensation or gas flow velocity, is probably minor (Zhou et al 1998) .
The exhaust gas causes opacity as a consequence of its capability to attenuate light radiation. In this frame, the extinction efficiency must be considered as the main optical property of soot. This efficiency is defined as the ratio between the cross section of the equivalent particle and that of the actual particle. The equivalent particle is the particle which extinguishes (absorbs and disperses) the same energy as the actual one and which extinguishes all the incident energy (Van de Hulst 1957) . The extinction efficiency depends on the size, shape and complex refractive index of the particles.
The application of the Mie theory permits us to obtain the extinction efficiency in the case of spherical particles. When the particles are much smaller than the light wavelength, the Mie theory converges to the Rayleigh dispersion method, from which the extinction efficiency can be more easily calculated as a function of particle size, the light wavelength and the complex refractive index. Some authors have obtained (Lou and Charalampopoulos 1995, VanHulle et al 2002) or reviewed (Smyth and Shaddix 1996) the complex refractive index for soot agglomerates. The extinction efficiency has also been calculated for agglomerates composed of spherical primary particles, either through theoretical modelling (Jones 1979 , Quinten 1997 or through semiempirical approximations (Zhao and Hu 2003, Evans and Fournier 1990) . However, the irregularity of such agglomerates requires very complex models or very hard approximations to simple geometries.
An alternative to the determination of the specific extinction efficiency of the soot particles is the estimation of a mean value of the extinction efficiency of the whole particle population, such as proposed by Roessler (1982) . A simple experimental method for the indirect determination of the mean light extinction efficiency of the exhaust gas emitted by a diesel engine is proposed in this paper, based on the simultaneous measurement of spot opacity and continuous opacity, together with the modelling of the associated soot concentration. The engine used in this work was a commercial light-duty DI diesel engine typical of vehicle road transportation.
Opacimetry systems
The spot opacimetry system
The principle of operation of spot opacimeters is based on the measurement of light reflection from a filter charged with soot collected from a discrete gas volume sampled from the exhaust stream of an internal combustion engine. Part of the intensity from the controlled light beam which is projected on the filter is absorbed by the soot, the other part is reflected by the filter, this part being detected and quantified by a reflectometer, and the part transmitted through the filter is neglected. Low reflectivities or low reflection intensities indicate high filter darkness, and vice versa. The measure of opacity, in this case called the filter smoke number (FSN), which ranges from 0 to 10, is proportional to the complementary number to the ratio between the intensity reflected by the charged filter and that of the blank filter prior to being charged (AVL 2001):
The mentioned inverse relationship between the reflection intensity and the filter darkness can be simulated by means of a linear direct function of the fraction of the filter surface being covered by dark soot, χ , leading to
Diesel soot particle sizes are in general smaller than the wavelength of the incident radiation, and therefore, a single particle does not contribute to the measured reflection intensity. In addition, the soot particles are mostly deposited by turbulent diffusion in the flow channels built up by the fibres of the filter material, but not necessarily on the outer surface. However, the simulation expressed in equation (2) assumes that the reflection intensity of a whole filter is equivalent to that of a filter with a dark surface fraction while the rest of the filter remains blank (Muntean 1999) and that the projected area of any new particle is added to the already existing opaque surface. 
The continuous opacimetry system
Continuous opacimeters are able to measure online. When a light beam reaches a gas stream, its intensity,
), is attenuated as a consequence of the light absorbed and dispersed by the particles flowing in the gas, and only a fraction of it, I t , is transmitted. Dispersed radiation accounts for both reflected and diffracted radiation by the particles' surfaces, and the sum of adsorbed and dispersed radiation is called light extinction in the literature (Zhao and Ladommatos 1998). The proportion of light intensity recorded by the photodetector can be calculated with the Beer-Lambert law (Oh and Sorensen 1997),
where L s is the path length of the light beam through the sampled gas stream and K ext (m −1 ) is the extinction coefficient of the gas, defined as the fraction of extinguished light per unit of length crossed by the beam. This coefficient increases with the particle concentration in the gas, C. Such an increase is confirmed by measurements of the specific extinction coefficient, R ext = K ext /C, which show decreases of this specific coefficient less than proportional to the soot concentration (Roessler 1982) .
The measure of opacity, in this case denoted as N, which ranges from 0 to 100, is proportional to the total light extinction across the gas stream, and if this sampled stream is homogeneous, it can be obtained without integration:
Experimental work
Experimental installation
Two different smokemeters and a thermocouple were installed at the sampling point on the exhaust line of a 2.2 l four cylinder direct-injection diesel engine (Nissan YD2.2) that powers up to 84 kW at the maximum speed of 4000 rpm. The smokemeters are AVL 415 and AVL 439. The first one samples a gas volume from the exhaust line, whereas the latter works with continuous partial flow sampling. A scheme of the installation is shown in figure 1 , where the sampling point is marked with a grey circle and the data recorded in the acquisition system are indicated with black dots. The engine was connected to a dynamometric brake Schenck (DINAS 3 LI250), which was able to motor the engine as well as brake it. The test bench was fully equipped for the measurement and control of pressure and temperature in order to monitor the engine status. The exhaust gas recirculation (EGR) rate was obtained from differential CO 2 inlet/exhaust measurements, and regulated with a valve handled independently of the engine control unit (ECU). An automotive commercial diesel fuel was used in all the tests.
The test schedule
Apart from the additional opacity tests described below, the engine was tested in 12 different steady-state conditions selected with the purpose of observing independently the influence of air/fuel ratio (modes AF i ), the EGR rate (modes ER i ) and engine speed (modes ES i ) on the smoke emissions and on the mean light extinction efficiency. These conditions belong to the area in the torque-speed diagram where diesel emissions are most restrictive. The targeted engine operating conditions are listed in table 1, and shown in figure 2. Apart from engine speed and torque, the measured values of the air/fuel ratio, EGR flow (in percentage with respect to intake flow) and temperature at the sampling point are also indicated in the table, owing to their strong effect on the soot formation and structure. Before measurements, the engine was allowed 30 min to reach stationary conditions in each mode, and then a series of 15 AVL 439 and 15 AVL 415 data points were recorded. 
Results from tested engine modes
Opacity measurements in the tested engine modes are also listed in table 1, and shown in figure 3. It can be observed that decreasing air/fuel ratios and increasing exhaust gas recirculation (EGR) rates lead to strong increases in both spot opacity and continuous opacity, while engine speed does not have a significant effect. In order to analyse the effect of temperature on the morphological characteristics of soot, temperature measurements were also made at the same sampling point, and they are also shown in figure 3. However, from this figure it should be concluded that temperature variations are a consequence of the varying engine conditions, but not a cause of the mentioned opacity trends.
Modelling of particle concentration in the exhaust gas
Particle concentration
The particle concentration in the exhaust gas is defined as the mass of particles per unit gas volume. The concentration of particles sized within a differential diameter range is
where V s is the sampled volume either in a spot opacimeter or in a continuous one, and the number of particles enclosed in the differential diameter range, dn, can be related to the total number of particles in the sampling volume through a distribution function whose integral is unity:
Extending this differential concentration to the whole range of sizes, and introducing equation (6) in equation (5), the total particle concentration can be obtained as
Particle concentration from spot opacimetry
In agreement with the above-mentioned assumption that the reflection intensity of a filter is equivalent to that of a filter with a black surface fraction, the probability of a flowing particle impacting on a clean region of the filter can be obtained as the complement of the fraction of the filter surface already darkened by soot:
Assuming a uniform aerosol, such that the time order of the impactions of the particle population on the filter does not affect the final filter opacity, as supposed by Muntean (1999) , then the darkened fraction of the filter is equal to the addition of all the particle projected areas on the filter surface multiplied by their probability of impacting on clean regions,
where A f is the area of the filter exposed to the gas stream and A p is the particle projected area. The combination of equations (6), (9) and (10) leads to an expression for the fraction of the filter darkened by soot as a function of the particle size distribution:
Integrating from the initially blank filter to a filter with a given dark fraction χ , and combining with equation (2) we obtain If the number of particles enclosed in the sampled volume is unknown, such a number can be eliminated by combining this equation with the particle concentration expression (8):
Particle concentration by continuous opacimetry
From the light dispersion theory for spherical particles (Faxvog and Roessler 1978 , Zhao and Ladommatos 1998 , Friedlander 2000 , an expression for the light extinction coefficient has been taken, as a function of the number, size and optical properties of the flowing particles:
The integral represents the sum of all the particle projected areas, and ε is the light extinction efficiency of each particle, which depends on its irregularity and on its size. Substituting in equation (4), and using equation (14) we obtain
If the number of particles per unit volume (n/V s ) is unknown, it can be eliminated by combining this equation with the particle concentration expression (8):
The extinction efficiency: modelling and expected tendencies
If both opacimeters measure simultaneously, then equations (13) and (16) refer to the same soot concentration, C. Both equations are very similar. In fact, the particle concentration obtained with continuous opacimetry differs from that obtained with spot opacimetry only in the ratio
Vs Ls Af
, which is the ratio between the sampling lengths (length of the gas column flowing across the filter in the case of the spot opacimeter and width of the sampled gas volume in the case of the continuous opacimeter), and the radiation extinction efficiency, ε. This means that both models would be equivalent in the case when ε = 1. From this equivalence, an expression can be solved for the mean extinction efficiency of the whole particle population, which permits us to obtain some information about the particulate matter irregularity from spot and continuous opacimetry measurements: The main parameters affecting the light extinction efficiency of the soot particles flowing in the diesel exhaust gas are the size, shape and temperature of the particles:
• Particle sizes range from around 25 nm up to above 1 µm. According to the MIE theory the extinction efficiency takes values higher than unity for d p > λ/4, where λ is the wavelength of the light radiation (560 nm in this case), while the extinction efficiency of large particles can reach values up to around 3 (Friedlander 2000, Zhao and Hu 2003) . But the MIE theory is only applicable to spherical particles and diesel ones have irregular shapes.
• The irregularity of the particles also has great influence on the extinction efficiency, but this influence is opposite for small particles than for large ones. If particles are small with respect to the wavelength, the light scattering is not significant compared to the light absorption (Berry and Percival 1986, Dobbins and Megaridis 1991) . As the particle irregularity decreases, the relative importance of the light scattering increases, leading to an increase of the extinction efficiency. In contrast, for the particles sized in the same range as the wavelength of the light radiation, the particle irregularity tends to increase the extinction efficiency, because apart from the absorbed and dispersed light, the increased particle contour causes an additional refraction, enlarging their apparent projected sections (Mackowski 1994 , Friedlander 2000 . Additionally, the analysis of the effect of the size and shape of the particles on the extinction efficiency should take into account that the irregularity of the soot particles usually increases as the particle size increases (Park et al 2004) .
• Increasing gas temperature, and thus that of the particles, should lead, under similar collision energies, to more intense particle crushing and compaction (Mikhailov et al 1996, Lehtinen and Zachariah 2002) , minimizing the influence of the particle irregularities, and thus leading to extinction efficiencies next to those expected for spherical particles, as predicted by the MIE theory. Another phenomenon which could be considered is that some of the emitted gases, such as NO, NO 2 , SO 2− 4 , H 2 O vapour and several gaseous hydrocarbons, participate in the light absorption, as stated by AVL (2001) and Merola et al (2001) , leading to an extra light extinction in the case of the continuous opacimeter. However, at the conditioning temperature of the continuous opacimeter (100
• C), this effect is probably unappreciable. Figure 4 shows the resulting extinction efficiency from equation (17) for all the operating modes of table 1, where opacimetry measurements were compared. The joint observation of figures 3 and 4 shows that the extinction efficiency and FSN have the same trend. This trend (preferably observed from results for varying air/fuel ratios, figure 4(a)) is justified because as soot concentration increases, firstly, the number of soot particles per unit volume increases, secondly, the mean particle size increases, and thirdly, the mean free path between particles decreases, which provides lower energy in particle collisions, and thus particles become more irregular. Both the increased particle number and the higher particle irregularity contribute to enlarge the total particle contour and thus the additional refraction effect.
Application of the model
Effect of the engine operating conditions
The gas temperature also has an increasing effect on the extinction efficiency, although comparatively minor. This effect can be observed from results for varying engine speeds ( figure 4(b) ), as opacity remains approximately unchanged. This effect could be explained because the increase in temperature leads to more compact particles, which in the case of the smallest ones, produce an increase in the light scattering, and thus in the extinction efficiency.
The effect of the exhaust gas recirculation on the extinction efficiency (figure 4(c)) can be explained as a combination of the previously mentioned opposite effects: those of soot concentration and gas temperature. For low EGR rates, the sharp decrease in temperature and the slight increase in opacity lead to a small decrease of the extinction efficiency, while for high EGR rates, the sharper increases in opacity turn the trend to increases of the extinction efficiency.
Additional opacity measurements
In order to quantify the mentioned effects of the gas opacity and temperature, a set of additional tests were carried out by operating the engine in different typical road conditions. In these new tests, the two smokemeters were again used simultaneously and the gas temperature was always measured, but the parameters A/F ratio, EGR rate and engine speed were not controlled. A correlation between spot and continuous opacity measurements (shown in figure 5 ), slightly different from that proposed by AVL (2001), was found with a correlation coefficient of 0.9964: Figure 6 shows the resulting extinction efficiency from equation (17) for these additional measurements. Isothermal curves correspond to regions of the diagram where the gas temperatures at the opacity sampling point are the same. In agreement with the already discussed dependence of the extinction efficiency on soot concentration and gas temperature, figure 6 quantifies such increasing trends. The combined effect of opacity and gas temperature (in • C) has been fitted to the following equation: 
Conclusions
From the combination of the developed models simulating two opacimetry methods (spot opacimetry and continuous opacimetry) the mean light extinction efficiency of diesel exhaust gas can be obtained at any engine operating point. The independent effects of the three engine operating parameters that were supposed to mainly affect smoke opacity (the air/fuel ratio, engine speed and EGR rate), on smoke opacity (from both opacimetry techniques) and on the light extinction efficiency were analysed.
The main observation is that all the engine parameters causing increases in smoke opacity have the same effect on the light extinction efficiency. This effect is explained because, besides the absorption and dispersion caused by soot particles, additional light refraction is caused by the particle contour, which is enlarged with the particle number and with particle irregularity.
Also the gas temperature at the sampling point was identified as an effecting parameter, although to a lower extent. Increases in the gas temperature lead to more compact particles, which increases the light scattering, and thus the extinction efficiency. 
